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Tetrahedrally coordinated hydrogen-free amorphous diamond-like carbon coating (denoted as ta-C) presents
ultralow friction under boundary lubrication conditions at 80 °C in presence of OH-containing molecules. To
understand the mechanism of ultralow friction, we performed gas-phase lubrication experiments followed by
time-of-flight secondary ion mass spectrometry (ToF-SIMS) analyses and this using two simple molecules:
deuterated glycerol and hydrogen peroxide. The experiments were complemented by computer simulations
using the ReaxFF reactive force field. These simulations suggest a ta-C surface rich in sp2 carbon with some
reactive sp1 carbon atoms, in agreement with previous energy filtered transmission electron microscopy
(EFTEM) results. Sliding simulations show that the carbon surface atoms react with glycerol and hydrogen
peroxide to form OH-termination. Moreover, the hydroxylation is then followed by the chemical dissociation
of some of the glycerol molecules leading to the formation of water. This is in agreement with the secondary
ion mass spectrometry (SIMS) analyses and mass spectrometer results obtained with gas-phase lubrication
experiments with the same molecules. Both experimental and computer simulations strongly suggest that the
hydroxylation of the carbon surface is at the origin of ultralow friction together with the formation of water-
rich film in the sliding interface.
Introduction
In previous works, we have shown that some polyols (glycerol
for example) and corresponding esters (glycerol monooleate
“GMO” for example) are able to reduce friction of DLC surfaces
under lubrication in elasto-hydrodynamic, mixed, and boundary
conditions.1 Tests have been performed in a poly alpha olefin
base oil containing GMO and a friction coefficient as low as
0.02 has been recorded, in the temperature range 20-100 °C.
This friction level is well below the one obtained with polar
molecules in the same conditions. Because pure glycerol is able
to give the same friction level, we can deduce that the monolayer
model used for long-chain molecules does not apply in this case.
In previous work, hydroxylation of carbon surfaces has been
proposed as an alternative mechanism; however, no clear
evidence by analytical tools have been shown because of the
need to clean the surfaces before analysis. In this work, we
would like to confirm this assumption by using both a gas-phase
lubrication apparatus and computer simulation. Two simple
molecules have been chosen: deuterated glycerol and hydrogen
peroxide. Surfaces were made of ta-C carbon in all cases.
Because water is certainly released from the hydroxylation
process, a detailed study of the role of water in friction reduction
is also presented.
I. Elaboration and Characterization of ta-C Coatings
A ta-C diamond-like carbon (DLC) coating with a thickness
of about 0.9 µm was deposited on a polished carburized steel
disk and a hardened steel pin from a graphite target by arc-ion
plating, a physical vapor deposition (PVD) process. In addition,
secondary ion mass spectrometry (SIMS) profiling experiments
did not show any significant hydrogen content in the bulk of
the ta-C coating,2,3 evidencing that it is hydrogen-free. Results
on the full characterization of the ta-C coatings were already
published elsewhere2-4 and data are summarized in Table 1.
The percentage of sp3 bonding in the ta-C material is comprised
between 70% and 80%, as measured by X-ray absorption near-
edge spectroscopy (XANES) and Auger electron spectroscopy
(AES) experiments.2,3 This result is in good agreement with the
high density of 3.43 g/cm3 estimated from the low electron
energy loss spectrum (EELS) performed on a focus ion beam-
transmission electron microscopy (FIB-TEM) cross section. The
density was estimated according to the experimental relation
from the literature between the density and the maximum of
the plasmon loss.5 The high sp3 carbon content in the ta-C
material is consistent with the high average values of hardness
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TABLE 1: Properties of ta-C Material and Characterisation
Methods
ta-C
properties characterization methods refs
content of sp3-carbon
(%)
80 ( 10 XANES + AES+EELS 1, 2, 4
H content (at %) <1 ToF-SIMS 2
hardness (GPa) 65 ( 15 nanoindentation 2
Young’s modulus
(GPa)
600 ( 100 nanoindentation 2
surface roughness
rms (nm)
30 ( 10 AFM 2
contact angle (°) 95 wettability measurements 3
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(∼65 GPa) and Young modulus (650 GPa) measured by
nanoindentation experiments.1 Thus, the carbon coating mostly
corresponds to “amorphous-like diamond” or tetrahedrally
coordinated amorphous carbon network (or ta-C) in the
carbon-hydrogen phase diagram terminology of Robertson.6
Although this amorphous coating was described as mainly
composed of sp3-hybridized carbon network in the bulk, a very
thin sp2-rich layer is found present at the extreme surface.
Accurate studies by energy filtered transmission electron
microscopy (EFTEM) showed the presence of a 3 nm thick
graphitic carbon layer at the top surface of the ta-C coating,
mainly resulting from a polishing process by diamond powder.5
The surface roughness of the ta-C layer was measured using
Atomic Force Microscopy (AFM) in tapping mode. The
roughness in rms of a 900 nm thick film deposited on a polished
carburized steel substrate is in the 20-30 nm range, depending
on the location on the surface. Considering the very small
roughness of the ta-C surface, this parameter was ignored in
computer simulation experiments.
II. Lubrication of ta-C in Presence of Gaseous Glycerol and
Hydrogen Peroxide: Experimental Evidence for Water
Generation
In these experiments, we used a particular environmentally
controlled tribometer (ECT) developed in our laboratory and
dedicated to gas-phase lubrication (GPL). The gas pressure can
be varied from 10-9 hPa to 1000 hPa (1000 mbar). At gas pressures
below 10-3 hPa, the system was continuously pumped down during
the introduction of the gas, and a dynamic flow was achieved. For
higher pressures, the vacuum chamber was isolated from the
pumping system, and a static environment was achieved. In both
cases, the gas partial pressure was measured with a capacitive
gauge. The friction tests were performed with a reciprocating pin-
on-flat tribometer operating at 80 °C at a maximum contact pressure
of 345 MPa and at a sliding speed of 1 mm/s. Both sliding
counterparts (hemispherical pin and flat) were coated with the ta-C
material previously described. Prior to friction tests, the ta-C-coated
samples were cleaned with heptane and alcohols in an ultrasonic
bath and then introduced in the UHV chamber where they were
first heated at 150 °C to eliminate surface contamination. For these
particular experiments, we used deuterated glycerol (2H-glycerol)
of chemical formula C3H5(O2H)3 and hydrogen peroxide (H2O2).
The 2H-glycerol tested in this study is a commercial product from
Carlo Erba. Its purity is estimated to 99.5% and its density is 1.257
at 25 °C.
Figure 1 shows the evolution of friction coefficient versus
the number of passes for the ta-C/ta-C couple under different
environmental conditions. First, the friction behavior of ta-C
material was investigated under a vacuum pressure of 10-8 hPa,
corresponding to the so-called ultrahigh vacuum state (part a
of Figure 1). High friction was immediately observed in good
agreement with the literature7 that attributes this behavior to
the strong connection between carbon dangling bonds of the
two counterfaces, produced during the first friction passes. The
introduction of 1 hPa of glycerol vapor pressure at the beginning
of a test drastically decreases the friction from 0.7 in UHV to
0.05 (part b of Figure 1), but after an induction period of about
80 passes, suggesting that tribochemical reactions between
glycerol molecules and nascent ta-C surface are needed to
decrease friction. To clarify the reason for the existence of
this induction period, that we suspected to be due to
hydroxylation, we first exposed the cleaned ta-C surface to
100 hPa of hydrogen peroxide gas during 1 h to hydroxylate
the surface. Afterward, after pumping down hydrogen
peroxide, another friction test was carried out in presence of
10-2 hPa of glycerol in the same conditions (part c of Figure
1 to be compared with part b of Figure 1). The steady-state
friction coefficient obtained in the two tests performed in
the presence of glycerol are quite similar, but the effect of
H2O2 is clearly to shorten significantly the induction period
of about 50 passes, whereas the friction coefficient is divided
by a factor two. These results strongly suggest that some
hydroxylation of the sp2-carbon rich ta-C extreme surfaces
takes place in the presence of OH-containing molecules,
leading to the formation of H/OH-terminated surfaces
responsible for a better friction reduction. Once the complete
hydroxylation of the carbon surfaces is achieved, OH-
containing molecules can adsorb on the OH-terminated
surfaces by hydrogen bonds. The low-friction regime ob-
served in the presence of glycerol does not induce measurable
wear on the tribological parts with or without pretreatment
with H2O2 (Figure 2).
Figure 1. Friction coefficient versus the number of passes for ta-C/ta-C couple at 80 °C: a) in ultra high vacuum (UHV), b) in 1 hPa of glycerol
vapor, and c) in 10-2 hPa of glycerol vapor after hydroxylation of the ta-C surface by H2O2 exposure.
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A similar low steady-state friction is observed in the presence
of H2O2 only. The friction coefficient drastically decreases to
about 0.05 after an induction period the duration of which
depending on the partial pressure of H2O2 used (parts b and c
of Figure 3).
For all experiments, friction coefficient was stabilized on 0.05
for more than 1000 passes, which was the test duration. In
Figures 1 and 3, only 250 passes are shown to better underline
the running in period. As long as the gaseous environment
persists, the friction will always be stabilized on this value.
To identify the nature of gas formed during the friction test
and to measure their partial pressures, we used a derivation of
the main chamber and the pressure was adjusted at 10-6 mbar
to use the residual gas analyzer (RGA from Imficom). This is
because the RGA cannot work at high pressure. Mass spectra
were recorded every 15 min during the friction test and we
focused on peaks at mass 18 (H2O and/or O2H) and at mass 20
(2H2O). Figure 4 shows the evolution of the intensity of mass
peaks during the duration of the test. It is clear that the peak
corresponding to heavy water (at mass 20) increases, whereas
the peak at mass 18 attributed to water (or O2H) decreases. This
strongly suggests that (heavy) water is formed from the
degradation of glycerol under the friction process. The amount
of water detected is estimated to 1% when liquid glycerol is
analyzed by RMN after a long friction period under the EHL
regime, which also gave low friction.1 Moreover, the realistic
chemical dissociation of glycerol was evidenced on a steel
surface by a corrosion pattern only visible inside the contact
zone.8
At the end of the test, ToF-SIMS analyses were performed
inside the wear track and outside the wear track (as reference),
Figure 2. Wear tracks on the ta-C-coated flats after friction: a) in 1 hPa of glycerol vapor and b) in 10-2 hPa of glycerol vapor after hydroxylation
of the ta-C surface by H2O2 exposure.
Figure 3. Friction coefficient versus the number of passes for ta-C/ta-C couple at 80 °C: a) in UHV, b) in 1 hPa of H2O2 vapor, and c) in 100 hPa
of H2O2 vapor.
Figure 4. Evolution of the relative peak intensities at mass 18 (H2O
and/or O2H) and at mass 20 (2H2O) during a friction test performed
with gaseous deuterated glycerol C3H5(O2H)3.
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respectively. Only O2H, OH, 2H, and H ionic fragments were
detected with no trace of other parts of the glycerol molecule
(CH2, CH3, CHO, CH2OH, C2H3O2, C3H7O3...). Table 2 presents
the peaks intensities of these fragments. The results show a
significant increase of the peaks intensities associated with mass
of 2H and O2H fragments. This clearly confirms the hydroxy-
lation/hydrogenation mechanism of the carbon surface together
with the formation of heavy water.
III. Computer Simulation Methods
In the following, we would like to examine the prediction of
molecular dynamics simulations for a model tribological system
using ta-C as surface materials, glycerol, and hydrogen peroxide
as lubricants, particularly focusing on the role of water generated
in the friction interface.
a. Atomistic Structure of Bulk ta-C DLC. We used
molecular dynamics (MD) simulations to study the friction of
bare and OH-terminated ta-C surfaces in the presence of one to
four layers of glycerol molecules. MD studies used the ReaxFF
reactive force field based on quantum mechanics calculations
of structures and chemical reactions. Previous studies have
documented the accuracy of ReaxFF to describe reactions and
to prepare structures for amorphous systems of many carbon-
based systems.9,10 To obtain an amorphous carbon structure from
simulations, we started with a periodic cell containing 512 atoms
in the diamond structure (4 × 4 × 4 superlattice), heated this
system to 7722 °C for 2 ps to form the liquid phase, then
quenched the system to 27 °C at a cooling rates of 1127 °C/ps
and -173 °C/ps, and finally equilibrated the structure at 27 °C
for 3 ps. The process was carried out for densities ranging from
2.7 to 3.4 g/cm3. The most stable DLC corresponds to 3.0-3.3
g/cm3. Figure 5 represents the relationship between the density
and the sp3 ratio in the carbon network structure. This relation-
ship is in good agreement with experimental values found in
the literature (Ferrari,11 Fallon,12 and others). We found that
lower cooling rates decrease the energy of the carbon structure
leading to more stable ta-C structures with densities ranging
from 3.0 to 3.3 g/cm3. For the density of experimental value
3.24 g/cm3, we found that 83% of the carbon atoms have a sp3
character, whereas 16.6% have a sp2 character and 0.4% atoms
have a sp1 character. We found that all of the sp3 atoms are
interconnected to form a percolating tetrahedral network, to
which isolated sp2 atoms or sometimes short branched chains
of sp2 atoms attach. The sp1 atoms sometimes lie between two
sp2 atoms (allene) and sometimes are isolated. This calculated
structure is shown in Figure 6. Here, the sp3 atoms are pink,
the sp2 atoms are blue, and the sp1 atoms are green. The
simulation model of bulk ta-C is consistent with our XANES
and TEM-EELS experimental results as shown in Table 1.
Therefore, the ta-C model with 3.24 g/cm3 density and 83% of
sp3 carbon (close to the ta-C material in the experimental part)
was used in the following sliding simulation.
b. Atomistic Structure of the Surface for Bare ta-C and
OH-Saturated ta-C. To construct the surface of ta-C, we cut
through the cell with planes perpendicular to each of the x, y,
and z directions. For each direction, we attempted to cut the
solid at 30 places, equally spaced at 0.5 Å and spanning the
periodic supercell of 14.75 Å. In each case, the two parts of
the ta-C were first separated by 1.5 Å and the positions of the
atoms were optimized to minimize the energy. Then we selected
the best plane from each of the three sets and carried out MD
simulation at 27 °C while separating the planes by a total of
2.5 Å. Then we selected the best of these cases as the actual
surface of this particular ta-C structure.
Figure 7 shows the atomic character of the ta-C surface
formed from the 3.24 g/cm3 ta-C (this has 70.5% sp3 and 29.5%
sp2 atoms in the bulk). For the ta-C surface slab, there are 52%
sp3, 37% sp2, and 11% sp1 atoms. About 0.4% of the surface
atoms have one bond connected with bulk C atoms. The main
result from this calculation is an enrichment in sp1 and sp2
hybridized carbon at the top surface of the ta-C material
compared with the bulk, which is consistent with the experi-
mental TEM-EELS observations5 on practical surfaces.
To saturate the surface with OH termination and to determine
the maximum amount of H/OH on the surface, we put 14 H2O2
molecules between the ta-C/ta-C interface and let the system
relax at 27 °C. Then we heated this surface to as high as 1727
°C to drive off any weakly bound fragments. This led to 9
(H + OH) terminations on the lower slab and 10 (H + OH)
terminations on the upper slab as shown in Figure 8.
c. Computer Simulations of the Frictional Properties of
Lubricated ta-C Surfaces. Using these surfaces, we carried
out sliding simulations by moving the top surface with respect
to the bottom one. The ta-C/ta-C sliding couple was constructed
by bringing two ta-C slabs into contact. Periodic boundary
conditions were imposed in the x-y plane, whereas about 45-48
Å of vacuum was allowed in the z direction. The bottom 0.9 Å
of the lower slab (with 32 atoms per cell) were held rigid in all
simulations, whereas the top 0.9 Å of the upper slab was slid
at a constant velocity of 1 nm/ps along the sliding direction. At
each point, all remaining 480 atoms were allowed to move freely
according to the forces. An external force was imposed along
the z direction (perpendicular to the slabs) to keep the distance
between the centers of mass of the two slabs constant. This
provides the normal load. Starting with the initial interface
models at an initial temperature of 27 °C, we carried out constant
energy MD simulations while keeping the cell parameters fixed
(NVE). These calculations were carried out under a number of
TABLE 2: ToF-SIMS Analyses in the Wear Track after a
Friction Experiment with Gaseous Deuterated Glycerola
H 2H OH O2H
outside the wear track 3 012 841 10 575 706 662 1121
inside the wear track 3 364 705 105 857 740 762 3778
a A significant increase of the intensities of 2H and O2H peaks is
observed (compared with intensities of spectrum recorded outside
the wear track). This strongly supports the hydroxylation and/or
hydrogenation mechanism of ta-C surface during the friction
process.
Figure 5. Correlation of the density and sp3, sp2, and sp1 fractions for
ta-C coating obtained from molecular dynamics simulations. A near-
linear dependence for the sp3 and sp2 fractions as a function of density
is obtained for hydrogen-free ta-C material.
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conditions including bare ta-C surfaces and H and OH-saturated
ta-C surfaces.
IV. Results of Computer Simulations of the Frictional
Properties of Various ta-C Surfaces
a. Case of Bare ta-C Surfaces. Friction between bare ta-C
surfaces described in Figure 7 leads to very high friction (µ >
1.0) and tremendous wear because the unsaturated C atoms at
the interface can react by forming and breaking bonds. This
result is confirmed by recent simulations by Morita et al.13
carried out with diamond, the calculation of bond overlap
population indicating covalent interaction, and interconnexion
between carbon atoms of the two antagonist slabs. This is in
excellent agreement with the experiments carried out with ta-C
surfaces in ultrahigh vacuum (UHV) (friction coefficient 0.6-0.7
in part a of Figure 1).
b. Case of H/OH-Saturated ta-C Surfaces. After reaction
of the bare ta-C surface with hydrogen peroxide, we removed
the fragments not attached to the ta-C surface prepared and
carried out sliding simulations on the H-/OH-terminated surfaces
(Figure 8). This leads to a friction coefficient of 0.01 to 0.03
over the range of 0.6 to 2.2 GPa, indicating that forming the
H/OH termination on the ta-C surface dramatically reduces the
friction about one hundred times. This is in excellent agreement
with our experimental results reported in parts b and c of Figure
3 showing the lubricating effect of H2O2 on ta-C. We also
observed the formation of some water molecules after 10 ps
sliding of the two H/OH-terminated surfaces (without any
molecules like glycerol between the two slabs). Figure 9 shows
three snapshots of the simulations clearly depicting that at least
a water molecule has been formed from two hydroxyl groups
attached to the carbon atoms, the last H atom still attached to
the surface carbon atom. Similar MD simulations were made
by Morita et al13 on a diamond/diamond model system. The
accumulated frictional force was also clearly decreased by both
H and OH-terminations. In addition, the friction lateral force
for the OH-termination was lower than that of the H-termination.
The results of overlap bond population reflecting that the
dangling bonds of carbon have been fully filled by the OH-
termination. From these analyses, the authors concluded that
the H- and OH-terminated surfaces repulsively interact with each
other owing to antibonding interactions. However, for the pure
diamond case, no water formation was observed by Morita, only
Figure 6. Calculated structure of the ta-C bulk material with a density of 3.24 g/cm3, a) sp3 atoms of the structure (83%), and b) sp2 and sp1 atoms
of the structure (16.6% in blue and 0.4% in green, respectively).
Figure 7. Calculated structure of the ta-C material surface with a
density of 3.24 g/cm3. In the surface, 52% of atoms are hybridized sp3
in red, 37% of atoms are hybridized sp2 in blue and 11% of atoms are
hybridized sp1 in green.
Figure 8. Calculated structure of the lower and upper slabs after
saturation of the ta-C/ta-C interface with 14 H2O2 molecules at 27 °C.
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rotation of O-H bonds was visible during sliding. This is
because of the use of empirical potentials.
c. Case of Bare ta-C Surfaces Lubricated by Layers of
Glycerol Molecules. The sliding with one layer of 6 glycerol
molecules intercalated between bare ta-C surfaces shows that
H atoms and OH atoms from glycerol have been adsorbed onto
the carbon surfaces. During the sliding, the glycerol immediately
reacted with surface carbon atoms and quickly decomposed.
After sliding for 10 ps, we find that 6 H atoms and 4 O-R (OH
or other fragments decomposed from glycerol) have been
adsorbed on the C surface, which did not change over an
additional time of 40 ps. We found that the most active sites
for reacting with H or O-R are sp1 C radical sites. Within the
simulation time (40 ps), we found only one additional sp2 C
atom reacts with H. Figure 10 shows the structure of the
simulation model after sliding for 20 ps depicting that a water
molecule is generated from the tribochemical reaction. The
friction coefficient is 0.02 at a sliding speed of 100 m/s at 0.85
GPa. Thus, hydroxylation on the surface by glycerol dramati-
cally decreases the friction, leading to low friction similar to
the previous case of hydrogen peroxide-treated surfaces (Figure
8). The MD calculations results in the presence of glycerol are
Figure 9. Simulation of friction between two H/OH-terminated ta-C surfaces (without any molecules like glycerol between the two slabs), a)
simulation model at the beginning of the friction, b) simulation model after sliding for 5 ps, and c) simulation model after sliding for 10 ps
depicting that a water molecule is generated by tribochemical reaction.
Figure 10. Simulation of friction between bare ta-C surfaces lubricated with one monolayer of 6 glycerol molecules, a) simulation model at the
beginning of the friction, and b) simulation model after sliding for 20 ps depicting that a water molecule is generated by tribochemical reaction.
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consistent and follow the same trend of the experimental result
reported in part b of Figure 1, even if the conditions and the
absolute value of the friction coefficient are not exactly the same.
Also, we have to point out that MD conditions apply high
pressure (0.85 GPa) and velocity (100 m/s), whereas under
experimental conditions we used lower contact pressure (0.345
GPa) and small sliding speed (0.001 m/s).
d. Case of H/OH-Terminated Surfaces Lubricated by
Glycerol Layers. We studied the reaction of glycerol molecules
intercalated between the two H/OH-terminated ta-C surfaces
by adding four and six glycerol monolayers respectively, and
each layer is composed of six glycerol molecules. When sliding
the H/OH-terminated ta-C friction couples in the presence of
glycerol, we were surprised to observe first the disorder in the
layer structure and second the decomposition of glycerol and
the formation of many water molecules as shown by the Figure
11, which reports the result obtained in presence of four glycerol
monolayers. Ethane and glycoaldehyde molecules are also
formed in the interfacial region. The number of water molecules
increases from zero to about 14 after sliding 4 ps. The water
molecules, formed by decomposition of glycerol, stay mostly
flat on the surface, preventing strong connection with OH groups
on the surface by strong hydrogen bonding, may be sustaining
the low friction of the surfaces. The calculation of the temper-
ature in the glycerol layer indicated the possibility of high values
at the beginning of sliding and it is probable that glycerol
molecules are thermally degraded, according to the simulation.
With this assumption, and taking into account the contact
pressure of 0.5 GPa, water would be in a supercritical phase
(P > 22.1 MPa, T > 374 °C).
In the literature, the degradation of glycerol has been
explained in a model consisting of two parts: a free radical and
an ionic system of reaction pathways.14 Also, we studied the
effect of contact pressure on the friction coefficient and we
observe as a general trend that friction decreases as a function
of the pressure. Because the formation of water molecules is
activated by the pressure/shear combined effect, we can deduce
from these simulations that the formation of water molecules
may be an important mechanism for friction reduction.
V. Discussion
First, let us consider friction on ice as a model to examine
the exact role of water in achieving low friction. Water is known
to be involved in the slipperiness of ice and particularly in skiing
and skating. The friction coefficient measured during actual
speed skating is as low as 0.005 but, at very low sliding speed,
there is an appreciable increase in the coefficient of friction.
Theories about the presence of water between the rubbing
surfaces are focused on the formation of water by (i) pressure-
melting, (ii) melting due to frictional heating, and (iii) on the
liquidlike properties of the ice surface. Originally, the classic
explanation was attributed to the pressure that could lower the
freezing point of water significantly. The contact pressure
calculated in skating has been often claimed to cause ice to
melt, thus reducing the friction between skate and ice. A simple
calculation using skates 3 mm wide and 20 cm long gives a
total pressure of about 105 Pa (0.1 MPa ) 10 atm) leading to
a reduction of the melting temperature of ice by less than 1 °C.
Later, slipperiness of ice was also attributed to the quasi fluid
layer that coats any ice surface, providing a permanent lubricant.
However, at -20 °C, the ice drastically decreases in slipperiness
so it just resembles any other solid. Friction increases markedly
as the temperature falls and at -80 °C, it is five or six times
greater than it is at 0 °C.15 Under -160 °C, the layer is as little
as one molecule thick. Other works support the view that
frictional heating can produce local surface melting and therefore
a low value of friction. Some of us have studied friction on
low-temperature ice at high contact pressure.16 Using a UHV
tribometer, we deposited a thin layer of ice (about 10 nm thick)
on a steel disk and then friction tests were performed on this
layer in the temperature range of -140 to -100 °C. The average
contact pressure calculated was about 130 MPa. We observed
that friction decreases with the increasing temperature linearly
from 0.1 to 0.05, demonstrating that ice might be lubricated at
relatively low temperatures. A simple theoretical analysis
indicated that a frictionally melted layer was responsible for
the low friction experimentally observed.
Figure 11. Simulation of friction between OH-terminated ta-C surfaces lubricated with four monolayers of 6 glycerol molecules, a) simulation
model at the beginning of the friction, and b) simulation model after sliding for 4 ps depicting the water molecules generation by tribochemical
reaction (water molecules are highlighted with balls).
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Obviously, in the case of ice and whatever the mechanism
of water release, the water is present in situ in the contact zone
and it is provided by melting of the ice material itself. From
this brief discussion on the slipperiness of ice, it is clear that a
thin layer of water is able to lubricate the contact (even at
relatively high pressure) only if it is generated inside the
interface under the combined effect of pressure and shear and
more presumably by frictional heating.
Water has a low viscosity so it cannot form directly an EHL
film in a sphere-on-plane contact at high contact pressure, even
at high sliding speed. Thus, water is not a good lubricant for
hard steel contact, except in the hydrodynamic lubrication
regime when a complete fluid water is formed (a friction
coefficient of 0.002 has been reported in the literature17).
However, liquid water (as well as water vapor) is known to
have some ability to lubricate diamond and amorphous carbon
(ta-C and a-C) materials in the boundary regime. The reason
for that is not known accurately and is still under debate but it
is generally attributed to the occurrence of some tribochemical
reactions between water and carbon atoms. Recently, Carpick18
has shown by XANES analyses that the passivation of the
diamond surface by OH termination (and not graphitization)
was certainly at the origin of its the low friction in presence of
water. In another recent work, Morita et al.13 have used MD
calculations to show that friction between two OH-terminated
diamond surfaces gives a very low friction coefficient (below
0.01). It is also interesting to notice that some ceramic materials
such as SiC, Si3N4, Al2O3 are also well-known to be lubricated
by water and that tribochemical reactions lead to smooth surfaces
and water hydrodynamic lubrication.19,20 We suspect that
hydroxylation of these surfaces can also explain the good
tribological performances in water. Unfortunately, there is no
data with alcohol lubrication of these ceramics and more work
is necessary.
Now coming back to the ta-C on ta-C contact and at the very
opposite of water (viscosity of about 1 mPa.s), small molecules
like some polyols are very viscous fluids (about 1 Pa.s for
glycerol at ambient temperature) and can form a thin EHL film
even under severe mixed lubrication regime with any hard and
smooth material.21 For example, Vergne22 investigated the EHL
lubrication of steel contact by glycerol in detail and found that
the traction coefficient was surprisingly low even in mixed
severe conditions.
On the other hand, thermal chemical dissociation of glycerol
under moderate pressure and relatively high temperature (400
MPa and 330 °C < T < 430 °C) has been experimentally studied
by Bu¨lher for example.23 The main products of the glycerol
dissociation are water, ethanol, methanol, some aldehydes,
acrolein, CO2, CO, and H2. The degradation of glycerol in high-
pressurized supercritical water was thus clearly evidenced in
several papers. In our MD simulations, a thin layer of glycerol
has been submitted to both high pressure (0.5 GPa) and a high
shear rate (superior to 108 s-1) and high temperature was
calculated in the glycerol layer at the beginning of friction. Our
results have shown the dissociation of glycerol into water
molecules and other fragments in good agreement with the
products observed by thermal degradation. In our friction
experiments of carbon surfaces with gaseous glycerol, we have
observed the production of water in the gas phase, progressively
increasing with the friction time (Figure 4). So, we propose the
following tribochemical reactions for the lubrication of carbon
by glycerol (Figure 12):
1- Under mild conditions: Formation of an EHL nanometer-
thick film of glycerol between highly polished steel or ta-C
surfaces and possible partial chemical dissociation of this thin
film producing water (and other fragments) inside the contact
area. The result is the formation of a mixture of water and
glycerol in the contact decreasing significantly the viscosity and
then the shear force (part a of Figure 12).
2- Under severe conditions: Passivation of the surface by
reaction with glycerol leading to H/OH-termination of carbon
atoms. Moreover, our MD calculations in this paper also show
that friction between H/OH-terminated carbon surfaces is also
able to generate some water molecules and to give low friction
(part b of Figure 12).
A consequence is that friction could be lower under boundary
conditions than in EHL. In all cases, we think that water
molecules synthetized inside the contact zone by molecular
shearing and/or thermal degradation of glycerol could play a
significant role in the low-friction process.
VI. Conclusions
We have studied the tribochemical interactions between
superhard carbon surfaces (ta-C) and two OH-containing
molecules, glycerol, and hydrogen peroxide. We have performed
friction experiments using an UHV tribometer and gas-phase
lubricants and we have also investigated the corresponding
reactions by computer simulations.
From experiment, results are as follows:
Tetrahedrally coordinated carbon (ta-C) coatings elaborated
by the PVD process provide high friction in UHV due to their
high content of sp3 hybridized carbon. Dangling bonds produced
by the unsaturated C atoms at the interface can react by forming
and breaking covalent bonds between carbon atoms of the two
slabs, producing high shear forces.
ta-C surfaces are lubricated by both glycerol and hydrogen
peroxide gas. Glycerol is chemically dissociated by the tribo-
chemical reaction. Water is then produced from the interface.
The low friction is attributed to the formation of H-/OH-
terminated carbon surfaces. The exposure of ta-C to hydrogen
peroxide saturates the surface carbon atoms by H/OH groups.
Friction is then lower.
From computer simulation, results are as follows:
The bulk of ta-C material has been simulated by MD
calculation and the surface of ta-C has been obtained. The
surface of ta-C is sp2 rich and contains also some very reactive
sp1 carbon atoms, in agreement with EFTEM results.
The friction of bare ta-C obtained by computer modeling is
very high, in agreement with experimental work performed in
the UHV tribometer.
Figure 12. Shematic view of the tribochemical reactions for lubrication
by glycerol, a) under EHL regime, and b) under mixed BL regime.
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ta-C is lubricated by glycerol molecules intercalated between
the two slabs. However, calculations show the immediate
chemical dissociation of glycerol in several fragments, including
many water molecules.
The exposure of bare ta-C to hydrogen peroxide leads to the
saturation of sp1 and sp2 carbon by H/OH termination. This
surface is able to produce much lower friction.
The good agreement between experimental results and
computer modeling is very encouraging for future studies with
other carboxylic alcohols and carbohydrates such as inositol for
example. Waterlike lubrication by polyhydric alcohols is a new
mechanism of friction reduction under boundary lubrication.
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